World Health Organization classifies gliomas according to their cellular features and their grade of malignancy (from I to IV) (4). Glioblastoma multiforme (GBM), 3 also referred to as grade IV astrocytoma, is the most frequent class of malignant primary brain tumor and one of the most aggressive forms of cancer. There is a poor prognosis for patients with GBM, the median survival being 9 -12 months, and this does not significantly improve even after aggressive treatment with multiple approaches, including surgery, chemotherapy, and radiotherapy (5). This poor survival rate seems to be mainly due to the marked invasiveness and proliferation of GBM, as well as to their apoptotic resistance and aberrant angiogenesis. These malignancy features could be related to the varying mutations frequently found in GBM tumors that impact different key pathways involved in the control of cell proliferation, survival, differentiation, migration, and DNA repair (6 -9).
(3Ј-phosphoinositide-dependent protein kinase 1) and the serine/threonine kinase Akt, thus facilitating the interaction between the two proteins and the activation of Akt by PDK1. Cell levels of phosphoinositides are controlled not only by PI3K but also by the tumor suppressor PTEN. which is a PIP 3 phosphatase. PTEN negatively regulates the PI3K/Akt pathway by converting PIP 3 back to PIP 2 . The activation of Akt promotes cell growth and survival and inhibition of apoptosis and also regulates glucose and lipid metabolism at both the transcriptional and post-transcriptional levels; furthermore, Akt activation can exert some control over cell movement and vesicle trafficking within cells (13) . The overexpression or the mutation of PI3K-related genes and the deletion or mutation of PTEN have been reported in many GBMs and glioblastomaderived cell lines (12, 14, 15, 17, 18) . Indeed, all the abovementioned conditions determine high basal levels of PIPs and Akt activation, even in the absence of growth factor stimulation. In GBMs, reduced levels of PTEN and increased Akt activity have been correlated with more aggressive tumor behavior and reduced survival time in patients (19, 20) . The aberrant activation of PI3K-Akt-PTEN signaling has been identified as crucial to the malignant features of GBMs, such as rapid tumor growth, invasiveness, resistance to cytotoxic treatments, and massive neovascularization (12, (22) (23) (24) .
Ceramide (Cer) has long been recognized as a ubiquitous mediator of cell death. Indeed, in GBMs, the possibility of disregulation in Cer-dependent signaling is strongly supported by the evidence of an inverse association between Cer levels and GBM malignancy progression, and the direct correlation of such levels with patient survival (25) . Moreover, Cer up-regulation has been demonstrated as being crucial to many cytotoxic treatments of glioma cells (26 -30) , and exogenous Cer has been shown to induce glioma cell death by apoptosis, autophagic cell death, and necrosis (31) (32) (33) . Cer-induced cell death, both apoptotic and non apoptotic, can be inhibited by an active Akt pathway (31, 34) . Metabolic pathways involved in controlling Cer levels in glial cells include sphingomyelinases, other specific Cer metabolism enzymes such as serine palmitoyltransferase and sphingomyelin synthase, and Cer transport from the ER to the Golgi apparatus for the biosynthesis of complex sphingolipids (35) (36) (37) (38) (39) (40) (41) . In addition, it has been demonstrated that the accumulation of de novo synthesized Cer is an early event in cannabinoid-triggered ER stress and apoptosis in glioma cells (40) . This suggests that the modulation of Cer levels in the ER/Golgi compartment can be crucial to glioma cell decision toward survival or death. This study investigates the role of the PI3K-Akt-PTEN pathway in the regulation of the Cer metabolism in C6 glioma cells; this is a cell line in which the PI3K/Akt pathway is constitutively activated due to the lack of PTEN expression (42) . We show that the PI3K/Akt pathway is capable of regulating the Cer metabolism and its levels in ER by promoting the biosynthesis of complex sphingolipids acting on the vesicular ER to Golgi transport of Cer.
EXPERIMENTAL PROCEDURES
Materials-All reagents were of analytical grade as follows: Dulbecco's modified Eagle's medium (DMEM), wortmannin (Wm), brefeldin A (BFA), bovine serum albumin (BSA), fatty acid-free BSA, and G418 were purchased from Sigma. Cell Culture-The C6 glioma cell line was obtained from the Istituto Zooprofilattico Sperimentale della Lombardia e dell'Emilia (Brescia, Italy). Cells were routinely maintained in DMEM supplemented with 10% FCS, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in an atmosphere of 5% CO 2 and 95% humidified air.
Plasmids and Transfection-C6 glioma cells were plated in 60-mm cell culture dishes and grown in DMEM supplemented with 10% FCS until they were 50 -70% confluent. Then cells were transfected with expression plasmid encoding the dominant negative mutant of Akt (DN-AKT) or pcDNA3.1 empty vector using the Lipofectamine 2000 reagent according to the manufacturer's directions. Stable transfectants for DN-AKT and vector were selected in a 2-3-week period using G418 antibiotic (0.5 g/liter).
PH Domain Binding Assay-C6 glioma cells plated on coverslips at 1.5 ϫ 10 4 cell/cm 2 were grown for 24 h in DMEM plus 10% FCS. Cells were transfected with 4 g of plasmid encoding for the EGFP-FAPP1-PH domain using Lipofectamine 2000 reagent in accordance with the manufacturer's protocol. After 24 h the cells were treated for 1.5 h with or without 0.5 M Wm or 5 M Wm or 20 M LY294002 at 37°C. The cells were then washed (three times with PBS) and fixed with 0.5% glutaraldehyde solution in PBS for 10 min at 4°C. The specimens were observed and analyzed with a fluorescence microscope (Olympus BX-50) equipped with a fast high resolution charge-coupled device camera (Colorview 12) and an image analytical software (analysis from Soft Imaging System GmbH).
RNA Interference-Small interfering RNA (siRNA) duplexes for rat CERT (GenBank TM accession number XM 345143.1) S87, S522, and control nontargeting siRNAs (scrambled sequences of S87 and S522 oligonucleotides) described in Ref. 43 were used. C6 glioma cells plated at 3 ϫ 10 4 cell/cm 2 were maintained 24 h in DMEM plus 10% FCS and then transfected in the same medium with a 1:1 (by mol) mix of S87 ϩ S522 (si-CERT) or the nontargeting corresponding sequences (sicontrol) using Lipofectamine 2000 according to the manufacturer's protocol. All the experiments were performed 72 h after transfection.
Immunoblotting-Phospho-Akt immunoblotting were performed using C6 glioma cells lysed with Akt buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 10 mM sodium fluoride, 1 mM EDTA, 10 mM Na 4 P 2 O 7 , 1 mM Na 3 VO 4 , and the protease inhibitor mixture). Solubilized proteins were centrifuged at 14,000 ϫ g at 4°C for 10 min. Supernatants were subjected to 10% SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked for 1 h at room temperature in Tris-buffered saline (10 mM Tris-HCl, pH 7.4, 140 mM NaCl) containing 0.1% Tween 20 (TBS-T) and 5% skim milk, and then incubated with primary antibodies against phosphoAkt overnight at 4°C. Membranes were washed in TBS-T, and bound antibodies were visualized with horseradish peroxidasecoupled secondary antibodies (Santa Cruz Biotechnology) and chemiluminescent substrate. The relative intensities of bands were quantified by densitometry. CERT immunoblotting was performed using si-control and si-CERT transfected cells lysed with CERT buffer (10 mM Tris-HCl, pH 7.4, 0.25 mM sucrose, 0.5 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 5 g/ml leupeptin, 5 g/ml pepstatin), processed, and analyzed as described previously (43) . 6 -Cer in absolute ethanol were prepared and added to fresh medium. In all cases the final concentration of ethanol never exceeded 0.1% (v/v). At the end of pulse, cells were washed twice with PBS at 4°C, harvested, and submitted to lipid extraction and partitioning as described previously (44) . The methanolized organic phase and the aqueous phase were analyzed by HPTLC using chloroform/methanol/ water (55:20:3 by volume) and butanol/acetic acid/water (3:1:1 by volume) as solvent system, respectively. Digital autoradiography of HPTLC plates was performed with Beta-Imager 2000 (Biospace, France), and the radioactivity associated with individual lipids was measured using the software provided with the instrument. The 3 H-labeled sphingolipids were recognized and identified as described previously (44) .
In Vitro Enzyme Assays-Sphingomyelin synthase (SMS), glucosylceramide synthase (GCS), and sphingomyelinase (SMase) activities were assayed using as enzyme source a homogenate of the control (untreated cells), 0.5 M Wm-, or 20 M LY294002-treated cells. SMS activity was assayed as described previously (41), with minor modifications. The incubation mixture contained 50 mM Tris-Cl, pH 7.4, 25 mM KCl, 0.5 mM EDTA, 2 nmol (0.05 Ci) of [
3 H]C 6 -Cer (as 1:1 complex with fatty acid-free BSA), and 20 g of cell protein in a final volume of 50 l. After 15 min of incubation at 37°C, the reaction was stopped by adding 150 l of chloroform/methanol (1:2, by volume) at 4°C. GCS activity was assayed as described previously (41) Analysis of the Intracellular Distribution of Fluorescent Ceramides-C6 glioma cells or stable transfectants for DN-AKT and vector were plated at 1.5 ϫ 10 4 cells/cm 2 and grown on a glass coverslip for 48 h in DMEM plus 10% FCS. The cells were then loaded with 5 M BODIPY-C 5 -Cer or NBD-C 6 -Cer (1:1 complex with fatty acid free BSA) as described previously (43) . After loading, the cells were incubated 30 min at 37°C in DMEM plus 10% FCS with or without 0.5 M Wm or 20 M LY294002 or 20 M LY303511. The cells were then washed (three times with PBS) and fixed with 0.5% glutaraldehyde solution in PBS for 10 min at 4°C. The specimens were immediately observed and analyzed with a fluorescence microscope (Olympus BX-50), as described above.
Other Methods-Total protein amount was assayed with the Coomassie Blue-based reagent (Pierce), using BSA fraction V as standard. Radioactivity was measured by liquid scintillation counting. Statistical significance of differences was determined by the Student's t test.
RESULTS

Effect of PI3K/Akt on [
3 H]Sph Metabolism-To investigate the effect of PI3K/Akt on Cer metabolism in C6 glioma cells, we first utilized the chemical inhibition of PI3K. As the commonly used PI3K inhibitors Wm and LY294002 can also inhibit type III PI4Ks, although at higher doses (45) , and it has been shown that PI4KIII␤ plays a role in CERT-mediated Cer metabolism (46), we initially set up working concentrations to specifically inhibit PI3K. To do this we evaluated the effect of different concentrations of Wm and LY294002 on PI4K activity by staining cells with the EGFP-FAPP1-PH domain, which specifically interacts with phosphatidylinositol 4-phosphate (PI4P) (47) . As shown in Fig. 1 , the EGFP-FAPP1-PH domain in the control cells is almost exclusively present in the perinuclear region, representative of the Golgi complex, supporting the preferential localization of PI4P in this subcellular compartment (48) . When C6 glioma cells expressing EGFP-FAPP1-PH domain were treated with 0.5 M Wm or with 20 M LY294002, most of the fluorescence accumulated in the Golgi region, thus indicating that the amount of PI4P in the Golgi complex was unchanged. Instead, for the cells treated with 5 M Wm, which inhibits type III PI4Ks, there was almost the complete loss of association between the EGFP-FAPP1-PH domain and the Golgi complex (Fig. 1) . Thus, in subsequent experiments, we used both 0.5 M Wm and 20 M LY294002 to specifically inhibit PI3K and evaluated their capacity to block the PI3K/Akt pathway. Immunoblot analyses with an antibody specific for Akt, phosphorylated at Ser-473, demonstrated that Wm and LY294002 strongly reduce Akt activation, because phosphoAkt is fairly detectable with both treatments (Fig. 2A) . On the contrary, there was no change in the phospho-Akt levels when the cells were incubated with the LY294002-inactive analogue LY303511. Subsequently, we performed a metabolic study using [ 3 H]Sph, a sphingolipid precursor that is efficiently taken up by glial cells and rapidly incorporated first in Cer and then in sphingomyelin (SM) and glycosphingolipids (41 (Fig. 2B) . We then evaluated whether or not DN-Akt had effects on Cer metabolism similar to the chemical inhibition of PI3K. When cells expressed the DNAkt, the radioactivity distribution among the different N-acyl derivatives of [ 3 H]Sph was also significantly different from that of the vector-expressing cells (Fig. 3) 
Effect of PI3K/Akt on Sphingomyelin Synthase and Glucosylceramide Synthase Activity in C6 Glioma
Cells-On the basis of these results, we investigated the possibility that the PI3K/Akt pathway can positively regulate the biosynthesis of complex sphingolipids. For this purpose we first evaluated the effect of Wm and LY294002 on the in vitro enzyme activity of SMS and GCS. Using the homogenate from control cells, the measured SMS activity was 0.24 Ϯ 0.04 nmol, mg of protein Ϫ1 min Ϫ1 and that of GCS 0.25 Ϯ 0.03 nmol, mg of protein Ϫ1 min Ϫ1 . No differences were observed in either SMS or GCS activities adding Wm or LY294002 to the enzyme assay or using the homogenate from Wm-and LY294002-treated cells as enzyme sources. We then evaluated the effect of Wm and LY294002 on the metabolic process of [ 3 H]C 6 -Cer, a short chain, free diffusible analogue of Cer that allows the evaluation of the activity of SMS and GCS in living cells. Compared with the control cells, there was no modification of the uptake of [ 3 H]C 6 -Cer in C6 glioma cells treated with Wm and LY294002. As shown in Fig. 4 when C6 glioma cells were pulsed for 1 h with [ 3 H]C 6 -Cer, the amounts of synthesized [ 3 H]C 6 -SM and [ 3 H]C 6 -GlcCer were very similar in both control and treated cells, thus indicating that the PI3K/Akt pathway does not affect the activity of these enzymes in living cells. Taken together, these results indicate that the reduced utilization of Cer cannot be ascribed to a direct effect of PI3K/Akt on SMS and GCS. In addition, these results also indicate that PI3K/Akt inactivation did not influence the availability of phosphatidylcholine as a substrate for SMS.
Effect of PI3K/Akt on SMase Activity-To exclude any contribution of SM degradation to the increased [ 
Effect of PI3K/Akt on the Intracellular Distribution of BODIPY-C 5 -Cer and NBD-C 6 -Cer-To clarify the mechanism responsible for [
3 H]Cer accumulation consequent to PI3K/Akt inhibition, we tested the possibility that the inhibition of this pathway affects the ER to Golgi transport of Cer. The transport of natural Cer from ER to the Golgi apparatus can be qualitatively evaluated from the analysis of BODIPY-C 5 -Cer redistribution in cells (41, 50, 51) ; thus we first investigated the effect of 0.5 M Wm, 20 M LY294002, and 20 M LY303511 on the distribution of BODIPY-C 5 -Cer (Fig. 5A) . After labeling the ER and other intracellular membranes, cells were chased in the presence or absence of Wm, LY294002, or its inactive analogue LY303511 to allow the redistribution of BODIPY-C 5 -Cer. In the control and LY303511-treated cells, most of the fluorescence accumulated in the perinuclear region (Fig. 5A) representative of the Golgi apparatus (50) , whereas in the Wm-and LY294002-treated cells, the accumulation of fluorescence in the Golgi region was strongly reduced (Fig. 5A) . We then evaluated whether or not DN-Akt had similar effects on Cer traffic as the chemical inhibition of PI3K. When the cells expressed DN-Akt, the accumulation of fluorescence in the Golgi region was also strongly reduced (Fig.  5A) . In contrast, the labeling of Wm-and LY294002-treated and DN-Akt-transfected cells with NBD-C 6 -Cer (Fig. 5B) , a specific marker of the Golgi complex, demonstrated that those treatments did not modify the accumulation of NBD fluorescence in the perinuclear region (Fig. 5B) , thus allowing us to exclude the possibility that PI3K inhibition affects the organization of the Golgi apparatus. Taken together, these results strongly support the PI3K/Akt pathway regulation of Cer delivery to the Golgi apparatus. 
Effect of Wm and LY294002 on SM and GlcCer Formation from [
3 H]Sph in BFA-treated Cells-To obtain further evidence for the effect PI3K/Akt inhibitors on Cer traffic, we investigated the effect of Wm and LY294002 on [ 
Effect of PI3K/Akt on [ 3 H]Sph Metabolism in C6 Glioma
Cells Down-regulated for CERT-Recent results obtained in our laboratories indicate that in C6 glioma cells, the ER to Golgi Cer transport, needed for Cer utilization in complex sphingolipid biosynthesis, involves both the Cer-binding protein CERT and a vesicle-mediated mechanism that can separately contribute to the control of sphingolipid metabolism and Cer levels in these cells, CERT being specific for SM biosynthesis (43) . Based on our results that indicate a decrease of both [ (53), we hypothesized that PI3K/Akt can also regulate the ER to Golgi vesicular traffic of Cer. Recently, we demonstrated (43) that the cells down-regulated for CERT represent a model for evaluating the contribution of vesicular traffic of Cer from ER to the Golgi apparatus, and thus we investigated the effect of Wm and LY294002 on [ 3 H]Sph metabolism in control and CERT downregulated C6 glioma cells. As reported in Fig. 7 (upper panel) , treatment with Wm and LY294002 induced a significant reduction in the biosynthesis of SM and GlcCer as it did in wild type cells. In fact, as shown in Fig. 7 (upper panel) , si-control cell treatment with Wm and LY294002 determined an 83 and 43% increase in [ 3 H]Cer with a concomitant decrease of both (Fig. 7, lower panel) . These results strongly suggest the ER to Golgi vesicular transport as the major target of PI3K/Akt in the regulation of Cer metabolism.
DISCUSSION
Different lines of evidence indicate that both aberrant activation of the PI3K/Akt survival pathway (19, 20) and downregulation of the death mediator Cer (25) play a critical role in the aggressive behavior, apoptosis resistance, and adverse clinical outcome of GBMs. Furthermore, now included in the therapeutic strategy design against such tumors is the inhibition of the PI3K/Akt pathway (12, 22, 24) and the up-regulation of Cer (26 -30) . Indeed, a reciprocal control between PI3K/Akt and Cer signaling in glioma cell survival/death is suggested by data indicating that Cer may induce apoptosis also by inactivation of the prosurvival kinase Akt (38, 54) , possibly through the activation of a Cer-dependent protein phosphatase, and by data demonstrating a protective role of PI3K/Akt on Cer-induced cell death in glial cells (31, 34, 55) . This led us to wonder whether the PI3K-Akt-PTEN pathway is able to regulate Cer metabolism; indeed, if such regulation does occur, some insight could be gained into crucial aspects that could, after further investigations, strongly influence our knowledge of the sensitivity of glioma cells to Cer-based cytotoxic treatments.
Here we report that in C6 glioma cells the PI3K/Akt pathway actually regulates Cer metabolism through a positive control of the vesicular ER to Golgi transport of Cer, which results in improved biosynthesis of both SM and glycosphingolipids. 3 H]C 6 -Cer, an experimental condition allowing an evaluation of the activity of these enzymes in living cells, was not affected by the LY294002 and Wm treatment. Moreover, treatment of C6 glioma cells with BFA, which causes Golgi disassembly and redistribution to the ER (52), and direct Cer availability for SMS and GCS, renders the glioma cell Cer metabolism insensitive to PI3K inhibitors. It emerges from these findings that the ER to Golgi transport of Cer is a PI3K regulated step of sphingolipid biosynthesis. An analysis of intracellular distribution of BODIPY-C 5 -Cer, which mimics the intracellular movements of natural Cer (41, 50, 51) , provides additional evidence that, in C6 glioma cells, PI3K inhibition strongly limits Cer traffic from ER to the Golgi apparatus without altering the Golgi apparatus organization, as demonstrated by data obtained with NBD-C 6 -Cer, a specific marker of the Golgi complex (50) . Moreover, as demonstrated by both metabolic and fluorescence microscopy studies, the effect of PI3K inhibitors on the ER to Golgi Cer traffic was mimicked by the expression of a dominant negative form of Akt in C6 glioma cells. Taken together, the data strongly support the involvement of the PI3K/Akt survival pathway in glioma cells in controlling the ER to Golgi Cer traffic. We recently demonstrated (43) that in C6 glioma cells the ER to Golgi transport of Cer is operated by the Cer-binding protein CERT, which specifically acts on SM biosynthetic process, and by a vesicle-mediated mechanism, functional to Cer utilization for both SM and GlcCer biosynthesis. Even if the concomitant decrease of both SM and GlcCer in PI3K/Akt-inhibited cells indicates the vesicular pathway as the most probable target of PI3K/Akt, very convincing evidence in this regard is given by results obtained in cells down-regulated for CERT, which represent a good model to study the vesicular transport of Cer. In fact, when the protein-mediated transport of Cer is knocked down, the PI3K/ Akt inhibition still promotes a decrease in the biosynthesis of both GlcCer and SM, the efficiency of the PI3K/Akt blockade in inhibiting SM biosynthesis being higher in the control than in the silenced cells, and the combined treatments having an additive effect on SM but not on GlcCer biosynthesis. Protein phosphorylation, known to modulate many membrane traffic processes throughout the cells, has also been implicated in the transport between the ER and Golgi (53, 56) , and different protein kinases, including Akt (53), have been shown to regulate ER to Golgi traffic. To the best of our knowledge, this study is the first to show that the PI3K/Akt pathway can participate in controlling the sphingolipid metabolism and the regulation of Cer levels by acting on the vesicle-mediated movements of Cer in the ER-Golgi district, but the precise target of Akt still remains undisclosed. Because the activation of PI3K/Akt is downstream different proliferative/survival signals and the synthesis of new membrane are absolute requirements for cell growth and proliferation, the connection between PI3K/Akt and the biosynthesis of SM and glycosphingolipids could represent a mechanism to coordinate the production of crucial components of cell membrane with the proliferative attitude of the cells. In this context it is interesting to note that the PI3K/Akt pathway can positively regulate cholesterol biosynthesis by favoring the activating processing of SCAP/SREBP on its ER to Golgi movements (53) . Furthermore, both Cer biosynthesis in the ER (57) and the biosynthesis of complex sphingolipids have been positively correlated with the activating processing of SREBP (58, 59) , independently of cellular cholesterol concentration. Thus we can hypothesize a role for the PI3K/Akt pathway to coordinate the metabolism of SM and cholesterol, membrane lipids known to co-localize in cell membrane lipid rafts. The capacity of the PI3K/Akt pathway to regulate sphingolipid metabolism may also be pathologically relevant in gliomas if we consider that the more malignant phenotypes of these tumors are associated with the up-regulation of the PI3K/Akt pathway (19, 20) , increased amounts of SM (60) , and low Cer levels (25) . Moreover, the SM/Cer mole ratio in PTEN-mutated C6 glioma cells (43) was significantly higher than in different glioma cell lines characterized by wild type PTEN (61) . This suggests that, in gliomas, the PI3K/Akt pathway could contribute to Cer downregulation by directing it toward SM synthesis, as a means of avoiding cell growth arrest and cell death. It is also tempting to speculate that Cer removal, as a consequence of a hyper-activated PI3K/Akt pathway, could somehow be involved in Cerbased cytotoxic treatment refractoriness in gliomas, especially as far as concerns those treatments that, in ER, act through Cer biosynthesis stimulation (16, 21) . Based on recent evidence showing that PI3K inhibition synergizes with chemotherapy or death-inducing ligands to trigger apoptosis in glioblastoma cells (24) , our findings could have important implications for Cer-based glioma therapy, and could provide a basis for further investigations into the overcoming of cell death resistance in glioblastomas.
